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ABSTRACT 

We report the discovery of an ultra-faint Milky Way satellite galaxy in the constellation of Pegasus. 

The concentration of stars was detected by applying our overdensity detection algorithm to the SDSS- 
DR 10 and confirmed with deeper photometry from the Dark Energy Camera at the 4-m Blanco 
telescope. Eitting model isochrones indicates that this object, Pegasus III, features an old and metal- 
poor stellar population ([Ee/H]^ —2.1) at a heliocentric distance of 205 ± 20kpc. The new stellar 
system has an estimated half-light radius of = 78^24 PC and a total luminosity of My ^ —4.1 ± 0.5 
that places it into the domain of dwarf galaxies on the size-luminosity plane. Pegasus HI is spatially 
close to the MW satellite Pisces H. It is possible that the two might be physically associated, similar 
to the Leo IV and LeoV pair. Pegasus HI is also well aligned with the Vast Polar Structure, which 
suggests a possible physical association. 

Subject headings: Local Group - Milky Way, satellites: individual: Pegasus HI 


1. INTRODUCTION 


Eol lowing the Sloan Digital Sky Survey (York et al 
|2000[ ) , more recent wide-field imaging s urveys^uch a s the 
Stromlo Milky Way Satellite survey (| Jerjen 2010), the 
Dark Energy Survey ([The Dark Energy Survey Collab 


oration 


20051), the Pan-STARRS Sir Survey (K. Cham¬ 
bers et ah, in preparation), and the Survey of the Magel¬ 
lanic Stellar History (SMASH; PI D. Nidever) have been 
revealing ne w Milky Way companions including satel- 


lite galaxies (iKoposov et al.||2015 

Bechtol et al. 

2015 

Laevens et al.l 20151 llVIartin et al. 

2015|) and star clus- 

ters ([Belokurov et aL||2014 

Laevens et al. 2014 Kim & 

Jerjen|2015| Kim et al.|2015 

). The 

new Milky Way 

com- 


HrU 


properties of previously discovered ultra-faint stella r sys 
terns, such as l ow luminosities (—8 < My < —1.5) (iM ar 
tin et al. 2008|) and low metalhcities [Ee/H]< —2 (pK 

et al. 120081 INorris et al.|2010| |Simon et al.|2011||Koch 

Rich|[2014p . 

In this letter we report the detection of the new ultra¬ 
faint Milky Way satellite Pegasus HI (Peg HI) found in 
SDSS Data Release 10 and confirmed with deep DECam 
imaging (Sections 2 & 3). Peg HI appears to be located 
at a heliocentric distance of ~ 205 kpc and have a half- 
light radius of ^ 78 pc (Section 4). In the last section 
we discuss the possible origin of the new satellite galaxy 
and conclude with our results. 

2. DISCOVERY 

The SDSS is a photometric and spectroscopic survey 
in the uqriz photometric ban ds to a depth of r ^ 22.5 
magnitudes ( York et al.|2000 ). Data Release 10 (DRIO), 
publicly available on the SDSS-HI Web sit^ covers 


14, 555 deg^ mostly around the north Galactic pole (lAhn 


THe new object was first flagged by our detection algo¬ 
rithm in the search for stellar overdensities over the exist- 

dongwon.kim@anu.edu.au 
^ http://www.sdss3.org/drl0/ 


ing SDSS catalog as d escribed in Walsh et al. (2009) and 
Kim & Jerjen (2015). Briefly, we used isochrone masks 
based on the P ARSEC stellar evolution models (Bres- 
san et al. 2012) as a photometric filter to enhance the 
presence of old and metal-poor stellar populations rela¬ 
tive to the Milky Way foreground stars. We then binned 
the R.A., DEC. positions of the filtered stars and con¬ 
volved the density-map with a Gaussian kernel. Based 
on the density-map, we calculate the signal to noise ra¬ 
tios (S/Ns) of potential overdensities and measure their 
significance by comparing their S/Ns to those of ran¬ 
dom clusters in the residual background. Moving the 
isochrone masks over a range of distance moduli (m — M) 
between 16 and 22 magnitudes, this process is repeated 
with different scales of bins and Gaussian kernels. 

With this algorithm, we recovered all of the previously 
known MW companions in the SDSS coverage and found 
a few mor e promising candidate s, one of which was re¬ 
ported in Kim & Jerjen (2015). The new object was 
detected with a signihcance of ^ 7cr in the constellation 
of Pegasus. 

3. FOLLOW-UP OBSERVATIONS AND DATA REDUCTION 

Deeper follow-up observations of the Peg HI field were 
conducted on during the night of 17th July 2014 using 
the Dark Energy Camera (DECam) at the 4-m Blanco 
Telescope located at Cerro Tololo Inter-American Ob¬ 
servatory (CTIO) in Chile. DECam imager is equipped 
with a focal plane array containing sixty-two 2k x 4k 
CCD detectors with a wide field of view (3.0 square 
degrees) and a pixel scale of 0727 (unbinned). Un¬ 
der photometric conditions, we obtained 840 s expo¬ 
sures in g and 1050 s in r band, divided over dithered 
single exposures of 210 s. The average seeing dur¬ 
ing the observing was 173 in the g and 171 in the r 
band. The single exposure images were fully reduced 
and stacked throug h the DECam community pipeline 
(Valdes et al. 2014). We carried out weight-map com¬ 
bination, source extraction a nd PSE photometry with 
the use of Weight Watcher (Marmo & Bertin 2008) 
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Fig. 1.— Upper panel: Density contours of candidate stars in 
the field of view of DECam that pass the photometr ic filter with a 
PARS EC isochrone of 13.5 Gyr and [Fe/H]= —2.1 (|Bressan et al.| 
|2012|) at the distance modulus (m — M) = 21.56 magnitudes. I'lie 
contours show the levels of star density in units of the standard 
deviation above the background. The dashed circle marks a radius 
of 2(5 (see Section4 for details). Lower panel: Same as the upper 
panel but for all objects classified as galaxies. At the central region, 
there is no obvious overdensity coincident with that in the upper 
panel. 


and S Extractor/PSFEx ( [Bert in fc ArnQuts||1996 Berlin 


2011|) . For star/galaxy separation, we applied the thresh- 
Qld~TSPRE AD_MDDEL| < 0.003 + SP READERR_MDDEL as de¬ 
scribed in iKoposov et al.| (|2015|). We then positionally 
matched the star-like ob ects with SDSS stars with a 


maximum radius of I'/O using the STILTS software ( |Tay- 
lQr||2QQ5 ) . We used this catalog for the photometric cal¬ 


ibration in the magnitude range 17.0 < vq < 21.0 mag, 
between the saturation limit of the DECam and the 5cr 
limit of the SDSS. Finally, the magnitudes of the cali- 
brated point sources were dereddened by means of the 


Schlegel et al. (1998) ext inction maps and the extincti on 
correction coefficients of|Schlafly & Finkbeinerl (2011). 


The upper panel of Figure [T1 shows the com 
of star density centred on Peg 


my ^ 

TTIsIk 
2:111 i 


our map 
in the field of view of 


DECam after the photometric filtering process using a 


PARSEC isoch rone of 13.5 Gyr and [Fe/H]= —2.1 (Bres- 
san et al.|2012|) at the distance modulus {m — M) = 21.56 
magnitudes. High level density contours (> 4cr) clearly 
define Peg III in the central region of the image and no 
other comparable overdensity in terms of S/N. Our al¬ 
gorithm recovers the overdensity with a significance of 
^ lOcr in the DECam data. The irregular shapes of the 
outer isophotes are likely due to the fact that we sample 
only the brightest red-giant branch (RGB) and horizon¬ 
tal branch (HB) stars in the system or that we see the 
signature of tidal disturbance. In the lower panel we 
present the same kind of contour map as shown in the 
upper panel but for all galaxy-like objects classified by 
the threshold SPREADjyiODEL > 0.003. There is no over¬ 
density coincident with Peg III, ruling out the possibility 
of a background galaxy cluster. 

4. CANDIDATE PROPERTIES 

The left panel of Figure shows the RA-DEG distribu¬ 
tion of all stellar objects identified by SourceExtractor in 
the vicinity of Peg III. The middle left panel of Figure!^ 
shows the extinction-corrected GMD of stars within 2.m 
(equal to the dashed circle in Figure of the nominal 
centre of Peg III, and the middle right pan el that of the 
foreground stars in the same manner as in [Belokurov et 


al. ([2010 ) from annulus defined by the outer radii of 8(0 


and 8.^3 covering the same area as the inner circle around 
Peg III. Finally, the right panel shows a field-subtracted 
Hess diagram, built on the GMDs in the middle. We 
note that Peg III shares a well defined RGB and blue-HB 
(BHB) with other di stant MW satellite galaxies, n amely, 
LeoV and PiscesII (Belokurov et al. 2008, 2010). The 
five BHB candidate stars clustering at vq ^ 22 mag and 
{g — f)o ^ —0.1 mag are highlighted as blue dots in the 
inner circle in the left panel of Figure Fitting the hori¬ 
zontal branch of the PARSEG isochrone model yields an 
average heliocentric distance of ^ 205 kpc. 

To derive the central position a and S, ellipticity e, 
position angle 0 and half-light radius we employed 
a maximum-likel ihood algorithm sim ilar to the proce¬ 
dure described in Martin et al. (2008) with the stars that 
passed the photometric filter. Weobtained a half-light 
radius of 1.3lo!4 ^^cmin, or 78^24 PC adopting a helio¬ 
centric distance of 205 kpc. The radial density profile 
with the best-fitting exponential model is presented in 
Figure 

We estimate t he tot al luminosity of Peg HI in analogy 
to [Walsh et al. (2008) as follows. First, we calculate the 
total number of Peg HI stars within the photometric 
limit by integrating the best-fitting exponential profile 
shown in Figure We use the ratio of the total num¬ 
ber of stars to the probability density of a normalised 
theoretical luminosity function (LF) in the same magni¬ 
tude range. Using this ratio, we scale the theoretical LF 
to the star number density as a function of r magnitude. 
We then integrate the scaled LF taking into account the 
missing flux beyond the lower limit of our photometry 
and obtain a total luminosity = —4.23ni ag based on 
the initial mass function by Kroupa (2001) and PAR¬ 
SEG isochrone for a 13.5 Gyr old stellar population with 
[Fe/H]= —2.1. From the V — r = 0.17mag luminosity 
weighted mean color for the model isochrone we derive 
the corresponding U-band luminosity My = —4.1 mag. 
Since this method relies on total star counts instead of 
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Fig. 2.— DECam view of Peg III. Left panel: Distribution of all objects classified as stars in a 20^ x 20' field that shares the central 
coordinates with Figure^ The circles mark a radius of 2.'5 (equal to the dashed circle in Figure8.'0 and 8'3 respectively. The blue dots 
mark the seven BHB stars that fall into the color-magnitude range —0.20 < (g — r)o < 0.05 ana 21.80 < ro < 22.30, illustrated as a blue 
box in the next panel. Middle left panel: CMD of stars lying within the inner circle, dominated by the candidate stars of the dwarf galaxy. 
Middle right panel: Comparison CMD of stars lying in the annulus defined by the two outer circles, dominated by foreground stars. Right 
panel: Field-subtracted Hess diagram, the inner CMD minus the comparison CMD, showing an excess of stars at the locations of th e BHB 
and RCB of Peg HI. The best-fitting PARSEC (red) isochrone of age 13.5 Cyr and [Fe/H]=-2.1 and Dartmouth (|Dotter et al.|2008|) (blue) 
isochrone of age 14.2 Gyr and [Fe/H]= —2.3 are overplotted at a distance of 205 kpc. 



Fig. 3.— Radial stellar density profile of Peg HI. Re is the ellip¬ 
tical radius. Overplotted are the best exponential model based on 
the parameters in Table [^(dotted), the contribution of foreground 
stars (dashed) and the combined fit (solid). The error bars were 
derived from Poisson statistics. 

individual flux, the inclusion or exclusion of a single RGB 
in the system carries large uncertainties up to ^ 0.5 
mag. Hence, a realistic estimate of the total luminosity 
of Peg III is My = —4.1 ±0.5. All derived parameters 
are summarised in Table [H 

5. DISCUSSION AND CONCLUSION 

We report the discovery of a new ultra-faint Milky 
Way satellite. Peg III. The satellite hosts a typical old, 
metal-poor stellar population as it is observed in many 
other Milky Way satellite galaxies. Its large half-light 
radius 78pc) and luminosity (—4.1 ±0.5) puts Peg III 
among other systems classified as ultra-faint dwarf galax¬ 
ies in the size-luminosity parameter space as shown in 
Figure In particular, these physical properties of 
Peg III are very similar to those of previously known re¬ 
mote MW satellit es such as Leo IV (dc^ = 154 ± 5 kpc. 


rh = 206^3^^; 

Moretti et al. 

2009), LeoV (g^q = 

196 ± 15 kpc, Vh - 

= 65 ± 30 pc; p 

Sand et al. 

2012 ) and 


TABLE I 

Properties of Peg III 


Parameter 

Value 

Unit 

Q^J2000 

22 24 22.6±1.0 

h m s 

<^J2000 

+05 25 12±14 

0 / // 

1 

69.852 

deg 

b 

-41.813 

deg 

(m — M) 

21.56 ±0.20 

mag 

dQ 

205 ± 20 

kpc 

rh 

70+30 a 
78_24 

pc 

e 

0 

’^•^^-0.27 


0 

133 ±17 

deg 

Mtot,V 

-4.1 ±0.5 

mag 


^ Adopting a distance of 205 kpc 


Pisces II (^0 = 183 ± 15 kpc, = 58 ± 10 pc; Sand et 
al.| 2012 |). We note that we could have overestimated the 


half-light radius of Peg III due to the sampling of stars 
limited to RGB/HB and field-contamination. Deeper 
photometry down to the main-sequence stars tends to 
give smaller half-l ight radii as shown in previous stnd - 


ies (e.g. Leo V in 
However, even if t 


jde Jong et al.| 20 lQ Sand et al. 

he true size is only half of the current 
estimate. Peg HI would be still found in the region where 
ultra-faint dwarf galaxies populate in the size-luminosity 
parameter space. 

It is interesting to note that Peg HI and Pisces H are 
separated only by 8.5 deg on the sky and have fairly simi¬ 
lar distances (205±20kpc and 183±15kpc). The spatial 
separation of the two satellite galaxies is ^ 30 kpc. A 
similar situation has alr eady been encounter ed with the 
Leo IV and LeoV pair (de Jong et al. 2010). This sug¬ 
gests that Peg HI and Pisces H could be associated with 
each other, although a velocity measurement will be re¬ 
quired to confirm or reject this idea. As for the Leo IV- 
LeoV pair they might be related to a single disrupting 
or disrupted progenitor. It might be a pure coincidence 
but the Peg Hl-Pisces H and LeoIV-LeoV pairs are al¬ 
most diametrically opposite (in fact 162 deg) in the sky, 
and have almost the same angular separation of ^ 90 deg 
from the barycenter of the Magellanic Clouds, ie. 88 deg 
and 103 deg, respectively. 

With an angular distance of ^ 13 deg. Peg HI lies also 
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Fig. 4.— The position of Peg III on the size-luminosity plane, 
marked with a star outlined in black. Also shown are all Milky Way 
globular clusters (filled circles), and the presently-known dwarf 
spheroidal satellites of the Milky Way (filled squares) and M31 
(open squares). All points are colour-coded by ellipticity; those 
globular clusters lacking an ellipticity measurement are marked in 
black. Peg III clearly occupies the region inhabited by ultra-faint 
dwarf satellites of the Milky Way, and it has a comparable ellip¬ 
ticity to many of these objects. We note that Peg III directly 
falls on top of Coma Berenices, which is therefore invisible o n this 
plot. Mea surements for the globular clusters were taken from |Hap^ 
(|I996| and 2010 edition): those for the M i lky Wav dwarfs from 
McConnachie l (|20I 2 F[Bel o kurov et al. l (|20I4||Laev e ns et al.1(|20I4| 
2U15I), iKim ei ^ (20TS1), I kopo sov et aT] 20i5|, jj^ecJitol et al'j 
(I 2015 F and llVIamn et aU (I 201 5 I); and those tor the 1VI31 cLwarts 
trom|McConnacIiie| (|20l2]r, and [Martin et al.j ([20I3a|b[) In the case 
where more than one independent set ot lurninosity and/or struc¬ 
tural measurements exists for an object, we adopt their weighted 
mean. 

close the vast polar structure (VPOS), a planar arrange¬ 
ment defined by the 27 previously known Milky Way 


pendicular to the MW disk ([Kroupa et al. 

2005 Metz 

et al. [[2007112009| [Kroupa et al.[[20I0[ [PawJ 

iowski et al. 

2012 

satel 

). The majority of recently discovered 
lite candidates in the southern hemisphe 

Milky Way 
re ([Koposov 
aligned with 
’ation). The 

et al.|2015 

Bechtol et al.|2015) are also well. 

the VPOS (Pawlowski et al. 2015, in prepai 


origin of that plane is still a matter of debate. It could 
be the result of a major galaxy collision that left de¬ 
bris i n form of tidal dwarfs a nd star clusters along the 
orbit (Pawlowski et ah 2013). Peg III might be part of 
that debris. 
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